This paper explores the physics reach of the High-Luminosity Large Hadron Collider (HL-LHC) for searches of new particles decaying to two jets. We discuss inclusive searches in dijets and bjets, as well as searches in semi-inclusive events by requiring an additional lepton that increases sensitivity to different aspects of the underlying processes. We discuss the expected exclusion limits for generic models predicting new massive particles that result in resonant structures in the dijet mass. Prospects of the Higher-Energy LHC (HE-LHC) collider are also discussed. The study is based on the Pythia8 Monte Carlo generator using representative event statistics for the HL-LHC and HE-LHC running conditions. The event samples were created using supercomputers at NERSC.
I. INTRODUCTION
Heavy particles decaying to two jets are a generic consequence of many Beyond-theStandard Model (BSM) theories. Recently, searches in dijet mass distributions at the LHC have been performed by both ATLAS and CMS collaborations [1] [2] [3] [4] [5] [6] using run I and run II LHC data. An extension of such studies at the High-Luminosity LHC (HL-LHC) and the Higher-Energy LHC (HE-LHC) colliders will be an important milestone in achieving the goals of the energy frontier.
In the past, searches in dijets at the LHC were mainly focused on the high-mass tail of dijet distributions, rather than on the bulk of data (below 1 TeV). This is related to the fact that the collection of inclusive dijet events with dijet masses of the order of hundreds of GeV is reduced (or "pre-scaled") at the trigger level in order to cope with a large rate of multijet QCD events. Focusing on the tail of dijet-mass distributions (M jj ), rather than on the data in the region close to the electroweak (EWK) scale, < 1 TeV, limits the potential of searches in inclusive dijet masses below 1 TeV. In this respect, the situation at the HL-LHC and HE-LHC experiments is expected to be similar.
Requiring a lepton, photon and or other identified objects with relatively low transverse momentum (p T < 0.1 TeV), helps searches for new particles in dijet masses using the main fraction of collected data. This can lead to detailed studies of dijets at relatively low masses, close to the EWK scale, while reducing contributions from QCD multijet events, which represent the main background for inclusive dijet mass searches. Such studies can also increase the sensitivity to events with vector bosons, top-production, or any exotic decay channel that has a lepton in the final state. The detection of leptons at a medium transverse momentum will not be prescaled, therefore, one can study dijets at the HL-LHC and HE-LHC in a very wide mass range, from tens of GeVs to tens of TeVs. High-precision searches focusing on the medium range of invariant masses in semi-inclusive final states was discussed in [7] in the context of a broad class of Hidden Valleys models [8] , in which new particles can be as light as the Standard Model (SM) particles, i.e. with masses below 1 TeV.
The studies of dijets involve many technical challenges for future experiments. For example, the HL-LHC experiment will collect more than a trillion events with dijets associated with muons. This level of statistics opens a new chapter in BSM searches focusing on extraction of features in distributions where the relative statistical uncertainty (i.e. statistical uncertainty expressed as a proportion of data point value) can be as small as 10 −4 (or 0.01%) at around 0.1 TeV. Presently, it is not clear whether detector effects and pile-up contributions can create bumps in the M jj distributions at this level of data precision. Therefore, as a first step to such studies, we will use Monte Carlo (MC) event generation with a representative event statistics to explore sensitivity to new states decaying to two jets, without simulations of detector effects and pile-up contributions.
In the searched mass region from ∼ 0.1 to 10 (20) TeV at the HL-LHC (HE-LHC), event rates fall by more than 14 orders of magnitude. Modeling mis-identification rates of leptons in this large range of invariant masses is increasingly difficult. Recently, such studies at the generator level of Monte Carlo models have become feasible with the use of high-performance computing.
The goal of this paper is to understand the physics potential of the proposed HL-LHC and HE-LHC experiments with respect to searches for new states decaying to dijets for inclusive and semi-inclusive event selections, as well as to explore different methods designed for gaining more sensitivity to new physics. In particular, we will calculate the exclusion limits for BSM models predicting heavy particles decaying to two jets at the HL-LHC and HE-LHC. The limits will be calculated using MC simulations of inclusive dijets, b-jets and dijets associated with a lepton. This analysis uses about 200 billion MC events created using supercomputers.
II. MONTE CARLO EVENT SIMULATIONS
The analysis presented in this paper was performed using the Pythia8 [9] MC generator with the default parameter settings and the ATLAS A14 tune [10] for minimum-bias events.
The center-of-mass collision energy of pp collisions was set to 14 TeV and 27 TeV for the HL-LHC and HE-LHC respectively. The NNPDF 2.3 LO [11] parton density function, interfaced with Pythia8 via the LHAPDF library [12] , was used. A minimum value of transverse momentum for the matrix elements for 2 → 2 processes was 40 GeV. The simulations were created for three categories of the Standard Model processes implemented in leading-order (LO) matrix elements, with the parton shower (PS) followed by hadronization:
• Light-flavor QCD dijets. This category of events includes ten 2 → 2 quark and gluon processes, including b-quark pair production, but excluding tt production from hard in-teractions, which is considered separately below. We apply a phase-space re-weighting to increase the statistics in the tail of the M jj distribution as discussed in [9] .
• Vector and scalar boson production that includes the W Z, H 0 -boson processes available in Pythia8. This category of events has 23 processes at the 2 → 1 and 2 → 2 level. Due to the presence of the 2 → 1 processes, no phase space re-weighting was used.
• tt and single top quark production which includes six 2 → 2 processes. No phase-space re-weighting was applied.
Currently, we do not use simulations at next-to-leading-order (NLO) accuracy, or at treelevel LO matrix elements included in Alpgen [13] or Blackhat [14] , which typically lead to larger cross sections. The usage of such models requires significant computations for the level of the statistical precision required for this analysis.
The Monte Carlo event samples and Pythia8 settings used in this study are available from the HepSim public event repository [15] . This paper, however, requires significant statistics, thus keeping events on a disk is impractical. A faster and less storage-demanding solution based on generating parton-level events does not provide the required information, since the studies presented in this paper are based on distributions sensitive to misidentification of light jets as leptons or b-jets. Therefore, an analysis of large event samples from the complete simulation of the parton shower followed by hadronization is essential.
A simple scaling of low-statistics distributions to a luminosity of the order of several ab
leads to significant fluctuations, even after the phase space re-weighting used in this paper.
In view of the above difficulties, we chose to perform the generation and analysis in series on a supercomputer. To achieve this, a Docker/Singularity container image of the Hep- 
III. EVENT RECONSTRUCTION
Hadronic jets were reconstructed from stable particles, which are defined as having a lifetime τ more than 3 · 10 −10 seconds. Neutrinos were excluded from consideration. The jets were reconstructed using the anti-k T algorithm [16] as implemented in the FastJet package [17] . The jet algorithm used a distance parameter of R = 0.4. The minimum transverse momenta of jets was 40 GeV, and the pseudorapidity of jets was |η| < 2.4.
The minimum transverse momentum of the leptons used in this analysis was set to 60 GeV. To reduce the mis-identification rates, the leptons are required to be isolated.
A cone of the size 0.2 in the azimuthal angle and pseudo-rapidity is defined around the true direction of the lepton. Then, all energies of particles inside this cone are summed. A lepton is considered to be isolated of it carries more than 90% of the cone energy.
To simulate the mis-identification (or "fake") rate for muons, we assume that 0.1% of jets can be mi-identified as muons, similar to the ATLAS studies [18] . This is simulated by assigning the probability of 10 −3 for a jet to be identified as a muon using a random number generator.
Dijet invariant masses, M jj , were reconstructed by combining the two leading jets having the highest p T (jet). The minimum value of M jj was chosen to be 125 GeV, which is large enough to avoid biases arising from the jet selection and contributions from the W/Z decays.
At the same time, this value of M jj well represents the bulk of the anticipated HL-LHC data.
A reproduction of the experimental mis-tag rate of b-jets is difficult for the generator-level MC studies. Generally, the mis-tag rate depends on many factors, including a dependence on p T (jet) (see Ref. [19] ). For the studies involving b-jets, we assume a constant 10% mis-tag rate. This value is sufficiently realistic and, at the same time, can easily be reproduced or modified in future studies. This rate was simulated by using the probability of 0.1 for a light jet to be identified as a b-jet. The b-jets are selected by requiring: (1) the ∆R between the b-quark and jet to be less than 0.4; (2) the b-quark p T is at least 50% of the jet p T . the upper limit on the production cross section of a new particle times the branching ratio (Br) to two jets. In addition to the inclusive jet case, we also calculate the upper limits after applying the rapidity difference requirement |y * | < 0.6 between two jets [20] in order to enhance the sensitivity to heavy BSM particles decaying to jets.
IV. DIJETS IN INCLUSIVE EVENTS
In order to calculate the expected upper limits for realistic shapes of the dijet mass distribution from heavy exotic particles, such as Z ′ , we have performed a simulation of Z ′ decays to jets, assuming the width of 15% of the Z ′ mass. The comparison of the Gaussian shape with the signal shape from the Z ′ decays in Pythia8 is shown in Fig. 3 .
Alternatively, exclusion limits were calculated using the CL s method with a binned profile likelihood ratio as the test statistic using the HistFitter framework [21] . The expected limits on the signal model are calculated by using an asymptotic approximation [22] . Figure 4 shows the 95% C.L. upper limits. The green and yellow and bands represent the 1σ and 2σ probability intervals around the expected limit. The obtained limits are found to be rather similar to the Gaussian limits (without the requirement |y * | < 0.6) obtained above, despite the difference in the signal shape. Unlike the Gaussian limits, the HistFitter limits were calculated starting from M jj > 1 TeV. Below this value, the HistFitter technique produces an unstable result caused by fluctuations in the M jj distribution after the extrapolation of the low-statistics histogram to the required luminosity (see Sect. II). The limits shown in Fig. 4 can be used for exclusion of the models predicting peaks in the M jj distributions. Several BSM benchmark models beyond the SM, such as models of quantum black holes, excited quarks, W ′ and Z ′ , have been excluded by CMS and ATLAS using LHC run I and run II data [1] [2] [3] [4] [5] [6] . Therefore, we do not show the cross sections for such BSM models in Fig. 2 and 4 .
A. Expectations for the HE-LHC
The Pythia8 expectations for the M jj distribution for the HE-LHC are shown in Fig. 5 .
The lower panel shows the relative statistical uncertainties together with the line indicating the mass at which the relative statistical uncertainty on the data point is 100%. Figure 6 shows the mass reach for the HL-LHC and HE-LHC, defined by the point at which the relative statistical uncertainty is 100%. The M jj mass reach at the centre-of-mass of 27 TeV is close to 17 TeV, even for the modest luminosity of 100 fb −1 . This is a factor of two larger than the dijet mass reach for the luminosity expected at the HL-LHC. limit for 3 ab −1 is a factor better than for 100 fb −1 .
V. DIJETS IN EVENTS WITH ASSOCIATED MUONS
The previous studies of inclusive dijets represent a hypothetical scenario that may never be realized in practice due to difficulties [23] in analysing data with trigger prescales applied to jets at medium p T . However, measurements of unbiased M jj distributions (below 1 TeV) can be simplified by using an additional object to trigger on. For example, to increase the sensitivity to processes that are not related to QCD multijet background, one can require isolated muons, electrons and other particles.
Figure 8(a) shows the dijet invariant masses with associated leptons (muons and electrons) at p T (l) > 60 GeV using the isolation requirements as described in Sect. III. This figure corresponds to the ideal case when the lepton mis-identification rate is set to zero.
The fraction of the combined W/Z/H 0 and top events to the total predicted event rate is 96%. This shows that any new physics that leads to resonances with the production rates compatible with W/Z/H 0 processes can easily be detected, unlike the case with fully inclusive jets discussed in the previous section.
To illustrate a scenario with lepton mis-identifications, let us now turn to the case with muons. Figure 8(b) shows the M jj distribution with isolated muons, including contributions from jets which are mis-identified as muons. The mi-identification rate is set to 0.1% as discussed in Sect. III. We do not use electrons since their "fake" rate is a factor larger than that of muons, which is difficult to control in this study. According to Fig. 8(b) , the fraction 
of W/Z/H
0 /top processes is 1.2% to the total event rate, which is still a factor larger than that for the inclusive dijets shown in Fig. 1 . Comparing Fig. 8(a) and (b), it is clear that EWK and top contributions strongly depend on the mis-identification rates. For realistic scenarios, exact fractions of EWK and top contributions should be calculated using full detector simulations.
As for the previous sections, our goal is to give realistic expectations for exclusion limits at the HL-LHC and HE-LHC, without discussing the cross sections for particular exotic models predicting enhancements in dijet masses. The 95% credibility-level upper limits for the generic Gaussian signal shapes for the muon-associated dijet production are shown in 
VI. STUDIES OF b-JETS AT THE HL-LHC AND HE-LHC
Now we consider the case with b−jets selected as described in Sec. III. Figure 11 shows the M jj predictions for the sum of the three contributions discussed in Sect. II, together with the two contributions from W/Z/H 0 -boson processes and top-quark processes from the hard interactions. The total event rate is about 2% of the inclusive dijet after b-tagging.
The rate of the latter two processes combined near M jj = 0.5 TeV is 0.2% from the total prediction. The contribution from the tt production is larger than that from the W/Z/H 0 -boson processes. This represents a significant change compared to the inclusive jets described in Sect. IV. Figure 12 shows the 95% C.L. upper limit for the cross section times the branching ratio for a generic Gaussian signal with the width σ G being 10% of the Gaussian peak position.
In addition to the dijet masses, we also calculate the upper limits after applying the rapidity difference requirement |y * | < 0.6 between the two jets [2, 20] .
In order to calculate the expected upper limits for realistic shapes of dijet mass distri- bution from particles such as Z ′ , we have performed a simulation of Z ′ decays to b-jets, assuming that its width is close to 15%. Exclusion limits were also calculated using the CL s method with a binned profile likelihood ratio as the test statistic using the HistFitter framework. Figure 12 shows the 95% C.L. upper for the realistic signal shapes.
Several BSM models, such as b * and leptophobic Z ′ , predict peaks in the M jj distribution, where one or two jets are identified as b-jet. Some models have already been excluded by ATLAS [2] . 
Expectations for the HE-LHC collider
The Pythia8 predictions for the M jj distribution at the HE-LHC collider are shown in Fig. 14 . The line on the lower panel indicates the mass at which the relative statistical uncertainty is 100% on the data point. As before, this point is chosen to define the dijet mass reach to be accessible for the given luminosity. Figure 15 shows the mass reach for the HL-LHC and HE-LHC. The mass reach at the HE-LHC is above 13 TeV for the modest luminosity of 100 fb −1 , which is a factor larger than for the mass reach expected at the HL-LHC. 
VII. B-JETS EVENTS WITH MUONS
Now we will consider an example of b-jets with an additional identified particle used for triggering events. Figure 17 shows the dijet invariant masses with isolated muons having p T > 60 GeV. The total event rate is reduced to 2% of the b-tagged dijet. It can also be noted that the contribution from W/Z/H 0 is at the level of 1.2% while the t-quark processes are at the level of 3%, which is a factor larger than the inclusive dijets shown in Fig. 11 of Sect. VI. Figure 17 shows the 95% C.L. upper limits for the cross section times the branching ratio for a generic Gaussian signal, assuming the muon-associated dijet production. Figure 19 shows the 95% C.L. upper limits for a Z ′ → bb signal. When analyzing the dijet mass spectra that span 14 orders of magnitude in rate, the natural question arises how to extract features that may correspond to signal events. This is precisely the case for dijets associated with particles used to trigger jet events, allowing easy studies of the masses in a large range of M jj . To illustrate the difficulties arising in a data-driven signal extraction, we will use an analytic fit which is often applied for the description of dijet mass spectra in QCD multijet events. This fit uses a monotonically increasing function,
were x ≡ M jj / √ s and p i are fit parameters. This QCD motivated function was used for inclusive dijet searches [2, 3, 6] by both ATLAS and CMS collaborations. Figure 20 shows the mass of two jets together with the fit of Eq. 1. The distribution for jets associated with muons is shown in Fig. 20(b) . The bottom plot shows the significance of deviations of the function from simulated data in terms of the variable
where d i is the simulated data point in a bin i, f i is the value of the function after the χ 2 minimization, and ∆d i is the statistical uncertainty on the value of d i . We consider the fit scenario when the function Eq. 1 is applied to the dijet mass spectrum below 1 TeV, and above 1 TeV, separately.
The fit function reasonably describes the mass distribution above 1 TeV, as expected for the results discussed in [2, 3, 6] (but for smaller values of the integrated luminosity). When using the same integrated luminosity as in Ref. [2, 3, 6] , no statistical deviations from the fit function were found. The quality of the fit was given by χ 2 /ndf < 1. Figure 21 shows the mass of two jets associated with muons together with the fit of Eq. 1
for the HL-LHC case. In addition to the high-mass region, the figure shows the fit results for 0.125 < M jj < 1 TeV. This scenario is relevant for semi-inclusive searches using an additional trigger requirement on leptons, and other triggered particles. The function cannot describe the low-mass and high-mass regions in Pythia8, as follows from the indicated χ 2 /ndf value and the oscillating in S i .
As a test, we have performed a χ 2 minimization with Eq. 1 using the M jj distribution for inclusive dijets (in different M jj regions). To make sure that the observed feature does not come from the phase-space re-weighting (see Sect. II), the simulation was performed without Small features in the form of peaks from BSM physics can be masked by the oscillatory behavior of the fit residuals shown in Fig. 21 . In addition to the fit function technique, numerical techniques for data-driven signal extraction may also be used, assuming they can reliably describe the shape for multijet QCD background and, at the same time, are sensitive to the presence of small peaks in dijet mass distributions. Recently, a number of peak-identification methods have been proposed for counting-type observables [24] .
IX. SUMMARY
This paper discusses the potential of precision searches in dijet invariant masses at the HL-LHC and HE-LHC. It was illustrated that the HE-LHC provides a significantly higher reach for dijet searches than the HL-LHC, even for rather modest 100 fb −1 luminosity. We provide the relevant 95% C.L. upper limits obtained from the M jj distribution on crosssection times the branching ratio for BSM models predicting heavy particles decaying to two jets, including jets identified as b-jets. The limits were obtaied for a generic Gaussian signal, as well as for realistic Z ′ signal shapes.
The dijet masses in semi-inclusive events provides particularly interesting data for searches, since they can be well measured in a large range of the dijet masses without biases from triggers, and are less affected by the large rate of inclusive jet events. It was shown that the contributions to dijets from processes not associated with light-flavor jet production increases by more than a factor after requiring isolated muons, assuming a realistic rate of muon misidentification.
The Pythia8 MC simulations were used for testing the data-driven approach used at the LHC for the extraction of BSM signals. When the fit function is applied to the M jj distribution that matches the projected HL-LHC luminosity, we observe biases that limit detection of peaks in the M jj distributions. Such biases are due to more complex shapes of the M jj distributions in Pythia8, compared to the analytic function used at the LHC in the past.
In conclusion, we have illustrated that a data-driven determination of the shape background at the HL-LHC and HE-LHC should be performed with the relative statistical precision of 0.01% per data point for M jj < 1 TeV. Therefore, extraction of signals in the bulk of dijet mass distributions at the HL-LHC and HE-LHC represents a significant challenge. 
